For the removal and separation of wastewater pollutants, one widely used technique is adsorption. Different materials have been used as adsorbents. Among several adsorbents, carbon nanotubes (CNTs) are emerging as potential adsorbents because of their large surface area, defined cylindrical hollow structure, high ratio aspect, easy modification and hydrophobic wall surfaces. In this review, the capability of adsorption of dyes on CNTs and functionalized CNTs has been compiled. This paper provides data about defects, adsorption sites on CNTs and adsorption process studies under the effect of such various operational parameters as solution pH, contact time, and temperature, and deals with the mechanisms involved in the adsorption of dyes onto CNTs. According to observations from the articles reviewed, functionalized carbon nanotubes have better sorption capacity than as-grown CNTs.
For the removal and separation of wastewater pollutants, one widely used technique is adsorption. Different materials have been used as adsorbents. Among several adsorbents, carbon nanotubes (CNTs) are emerging as potential adsorbents because of their large surface area, defined cylindrical hollow structure, high ratio aspect, easy modification and hydrophobic wall surfaces. In this review, the capability of adsorption of dyes on CNTs and functionalized CNTs has been compiled. This paper provides data about defects, adsorption sites on CNTs and adsorption process studies under the effect of such various operational parameters as solution pH, contact time, and temperature, and deals with the mechanisms involved in the adsorption of dyes onto CNTs. According to observations from the articles reviewed, functionalized carbon nanotubes have better sorption capacity than as-grown CNTs.
For the removal of dyes from aqueous solution, carbon nanotubes (CNTs) have shown good potential and some of the functional groups improve the adsorption potential according to evidence from the literature. For example, the maximum adsorption amount (q max ) of methylene blue dye on an MWCNT surface has been reported to be 100 mg g À1 while the maximum adsorption amount of methylene blue dye on functionalized MWCNT-SH surface was 166.7 mg g
À1
. This indicates that functionalization is beneficial in increasing the amounts of absorption. However, the development of highly efficient, cost effective environmentally friendly CNT-based nano adsorbents for their commercial applications should be the focus of still more study.
Introduction
Pollution of ground and running waters by industrial dyes is a threat to aquatic life and human beings and is a main environmental problem. [1] [2] [3] [4] Synthetic dye stuffs are extensively used as coloring agents in the paper, textile, gasoline, food, and pharmaceutical industries. The hydrosphere contaminated by the discharge of dyes into the environment is a notable source of pollution due to its recalcitrant nature, visibility even at very low concentrations, giving an undesirable color to the water, biological attack, and reducing sunlight penetration. [5] [6] [7] [8] [9] [10] The aromatic molecular structure of dyes presumably comes from coal tar-based hydrocarbons such as naphthalene, benzene, toluene, and xylene. 11, 12 Today, the yearly production of commercial dyes is >7 Â 10 5 tons per year, and to date, more than 100 000 dyes are known.
12-16
Therefore, a signicant area of applied and basic research deals with the removal of dye pollution from industrial wastewater.
17,18
To remove dyes from wastewater, some methods such as ozonation, occulation, membrane separation, aerobic or anaerobic treatment, coagulation and adsorption are used by industry.
19 Nevertheless, adsorption is one method which has been most widely used because it is inexpensive, and easy and impressive for dye removal from industrial wastewater. Various adsorbents are used in adsorption processes such as activated carbon, [20] [21] [22] [23] [24] [25] graphene nanosheets, multi-walled carbon nanotubes, cedar sawdust, crushed brick, magnetic chitosan/ grapheme, and oxide composites. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] To remove dyes from aqueous solutions, activated carbon is one of the best adsorbents. [36] [37] [38] [39] [40] Because of their large surface area and high porosity, activated carbons have high adsorption capacity. But the low regeneration and high cost of activated carbon restrict its use.
41
Different studies have shown the adsorption ability of dyes on a large variety of non-conventional low-cost adsorbents, such as agricultural and industrial waste. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] Nonetheless, in very few cases, for non-conventional adsorbents and low-cost adsorbents, is the adsorption capacity higher than for activated carbons and these adsorbents showed mixed results. So, to develop more efficient adsorbents with a higher capacity for regeneration, the study of nanotubes is an ongoing process. One carbon allotrope is carbon nanotubes (CNTs, 1D) consisting of sp 2 61 Compared with adsorbents such as clay and activated carbon, CNTs are more attractive because of their high selectivity, structural diversity and favorable physicochemical stability.
62
In this paper, the adsorption capacities of dyes on carbon nanotubes and functionalized carbon nanotubes are reviewed. The results of recent research are used to compare the usage of carbon nanotubes and functionalized carbon nanotubes as the basis of adsorbents for the removal of dyes. The effect of various parameters such as experimental conditions (i.e. solution pH, contact time, initial concentration, and temperature), dyes, and adsorbent characteristics on the adsorption capacity are discussed and presented. Also, in this paper thermodynamic, kinetic, and adsorption isotherm studies are reviewed.
Dye classification
There are many ways to classify dyes in terms of method of application, colour, and structure. 63 But the application classication is oen favourable due to the extent and complexity of the nomenclature of colour from the system of chemical structure.
64 Table 1 presents the usual classes of dye classica-tion according to the chemical structure of the dyes. Table 2 shows the classication according to the application of the dyes. Dyes are usually categorized according to the charge of the particle upon dissolution in aqueous solution 65 such as anionic (acid, reactive, and direct dyes), cationic (all basic dyes), and non-ionic (dispersed dyes).
Several industries such as the paper, dye stuff, plastic, printing, textile, carpet, cosmetics, and food, use dyes in their products to provide colour. These dyes are always le over in industry and the waste is usually discharged into the environment.
66,67
Dye toxicity
Dyes have great colour intensity and are easily visible even in very low concentrations. 68 Complex dyes are generally based on chromium, which is carcinogenic. 69 There are many aromatic structures in dye compounds that form stable complexes, which are resistant against heat, optical oxidizing agents, and biodegradation. 70 Because of the presence of toxic amines in the effluent, azo dyes are classied as toxic. 71, 72 Degradation-based dyes are highly sustainable and have higher longevity in effluents. 72 In the environment, reactive dyes cause serious trouble because they are soluble in water and give a highly coloured effluent.
73 Also, having low biodegradability and being chemically stable, reactive dyes are likely to pass through conventional treatment plants, so their elimination is of high importance.
74
Dyes affect the photosynthetic activity of aquatic life as they decrease the penetration of light and are replete with metals, and aromatics, which may be toxic to some aquatic life. 75 Also, dyes are carcinogenic, teratogenic, or mutagenic in different microbiological species of sh. Additionally, they can severely damage human beings through dysfunction of the reproductive system, kidneys, central nervous system, brain, and liver. 76 
Dye adsorption process on CNTs
The active sites and defects of the CNT surface play an important role in dye adsorption on CNTs. CNTs consist of graphene or graphitic sheets, which have been rolled up into a cylindrical shape and exhibit a special sidewall curvature, and possess a pconjugative structure with a highly hydrophobic surface. CNTs are called single-walled carbon nanotubes (SWCNTs) when they have one graphitic shell and multi-walled carbon nanotubes (MWCNTs) when they have several concentric graphitic shells. The main mechanisms of absorbing different dye compounds by CNTs depend on whether the dyes are cationic or anionic. In most cases, the adsorption prediction of dyes on carbon nanotubes may not be simple, 77 and different possible interactions between carbon nanotubes and dyes have been proposed. Hydrophobic, van der Waals forces, p-p stacking, hydrogen bonding, and electrostatic interactions might act simultaneously or individually. 
Effective factors in dye adsorption on CNTs
Many factors are involved in dye adsorption by carbon nanotubes, such as initial concentration of dye, solution pH, temperature, and dosage of carbon nanotubes. To remove dyes in order to optimize industrial-scale development processes, an in-depth study of these parameters will be of great help. So, these factors are discussed here. [79] [80] [81] 3.1.1. Initial concentration of dye. The initial concentration of dye has a great effect on the removal of the dye. The initial dye concentration effect relies on the immediate relationship between the sites available for binding on the surface of the adsorbent and the concentration of the dye. As the initial concentration of the dye increases, the efficiency of dye removal decreases according to the saturation of adsorption sites on the surface of the adsorbent. 82 At a low concentration of dye, there will be unoccupied binding sites on the surface of the adsorbent and when the initial concentration of dye increases, there will be insufficient sites for the dye molecules to adsorb: therefore, the efficiency of dye removal decreases. 3.1.2. The effect of solution pH. Many articles have investigated the effect of solution acidity on the removal of the dye by CNTs from aqueous solution, and in several studies on dye adsorption it was reported that the acidity effect is one of the most important factors affecting dye removal through carbon nanotubes. Therefore, the solution pH is an effective parameter in dye removal. For example, Seow and Lim in a review article expressed that whereas for adsorption of cationic dye a high value of solution pH was preferred, a low value of solution pH is more suitable for the adsorption of anionic dye. 3.1.3. Temperature. One important factor affecting the dye adsorption on carbon nanotubes is temperature. Adsorption is a process which can be endothermic or exothermic for different adsorbents and dyes. If increasing temperature decreases the removal efficiency of the dye, dye adsorption on carbon nanotubes will be endothermic, and if increasing temperature decreases the removal efficiency of the dye, dye adsorption on carbon nanotubes will be exothermic. 85 For example, Kuo et al. examined some dye adsorption on carbon nanotubes and found that the removal of Direct Yellow 86 (DY86) dye by a carbon nanotubes surface is endothermic, 86 as they observed that the adsorption capacity decreased slightly with an increase in temperature. Konicki et al. studied adsorption of Acid Red 88 (AR88) dye on a magnetic multi-walled carbon nanotubes-Fe 3 C nanocomposite and found that removal of Acid Red 88 dye is exothermic. 87 Also, Yao et al. studied methylene blue adsorption on carbon nanotubes and found that removal of methylene blue dye was endothermic. 
88

Isotherm of dye adsorption on CNTs
To study the dye adsorption isotherm on CNTs, it is necessary to measure the relationship between the equilibrium pressure, the amounts adsorbed, n a , and P at constant temperature:
3.2.1. Chemical and physical adsorption. The process of dye adsorption is normally considered to be a physical process in which van der Waals power in the adsorption process is usually dominant. [89] [90] [91] [92] [93] [94] The adsorption of physical liquid on solid surfaces occurs in an adsorption process during electron exchange between the molecules of dyes into the solution phase and the carbon nanotubes surface, and chemical bond formation is not necessary. [93] [94] [95] Unlike physical adsorption, for the molecular forces during the process of adsorption, an electron exchange reaction means that a chemical adsorption occurs between the dye molecules of the solution and the solid surface of the carbon nanotubes. 94, 95 3.2.2. Monolayers and multilayers. For open surfaces, adsorption consists of a layer-by-layer loading process, where the rst layer is lled as q ¼ n a /N m ¼ 1, where q is the recovery of the surface, and N m is the capacity of the monolayer. According to the result, it is understood that when q ¼ n a /N m < 1, we have monolayer adsorption, and when q ¼ n a /N m > 1, the adsorption is multilayer.
To optimize the adsorption system design for the dye adsorption process, it is important to establish the most appropriate correlation for the curves of equilibrium. Various isotherm equations have been used to describe the dye adsorption equilibrium on the carbon nanotubes surface. Some of these isotherms are Langmuir and Freundlich. The Langmuir isotherm model is one of the most widely used. It is observed that the Langmuir isotherm model can be linearized in at least four different types. The Langmuir isotherm model can be expressed as: 96, 97, 103 Type ðIÞ:
Type ðIIÞ: 
where Q m (mg g À1 ) and K (L mg À1 ) are Langmuir constants corresponding to dye removal capacity and adsorption energy. 3.2.3. Carbon nanotubes properties. The discovery of carbon nanotubes was very important. Because of their seamless graphite structure, and being nearly cylindrical, they have attracted much attention. Their thermal, mechanical, electrical, and physical properties make them ideal for work on SWNT and MWNT. Because of their high efficiency, the process of production of carbon nanotubes has progressed rapidly. In dye adsorption on carbon nanotubes, these properties have been taken into account because the surface area to volume ratio in CNTs is greater than in other common adsorbents. So, the chemical reaction with dye molecules for CNTs is more effective than for other common adsorbents which leads to the high contact surface of the effective collisions between the molecules of the dyes and the surface of the carbon nanotubes which in turn leads to an improvement in the efficiency of the adsorbent.
124-128 Tables 3 and 4 . 
Conclusion
In recent years, many papers have been published on dye adsorption. In this review, the adsorption potential of carbon nanotubes and functionalized carbon nanotubes in the removal of dye molecules from wastewater has been highlighted. This paper presented dye classication according to their chemical nature and based on the dyes' chemical structure, and discussed dye toxicity. It also presented the effect of different chemical and physical conditions of adsorption on the adsorption capacity of dyes on carbon nanotubes and functionalized carbon nanotubes, such as initial concentration of dye, solution pH, and temperature. The pH of the solution is one of the main parameters in the adsorption of cationic dyes where a high value of solution pH is more suitable, whereas for anionic dye adsorption, a low value of solution pH is preferred. For the effect of initial dye concentration, because of increased interactions between dye molecules and adsorbent surface, the efficiency of dye removal will increase with an increase in the initial dye concentration, but with a further increase in initial dye, the concentration efficiency of dye removal will decrease due to saturation of the adsorption sites on the surface of the adsorbent. Also, for temperature, if the adsorption process is endothermic, as the temperature increases, the capacity for dye adsorption will increase. If the adsorption process is exothermic, with increasing temperature, the capacity for dye adsorption will decrease. Also, the toxicity of the dyes used in industry should not be neglected while they are removed through the adsorption process. So, it can be concluded that all these factors should be taken into account while the adsorption capacity of various adsorbents is evaluated from an economic point of view.
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